Electron-Like Fermi Surface and Remnant (tv,0) Feature in Overdoped Lai 7 8 Sr .22CuO4 
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We have performed an angle-resolved photoemission study of overdoped Lai.7sSro.22Cu04, and 
have observed sharp nodal quasiparticle peaks in the second Brillouin zone that are comparable 
to data from Bi2Sr2CaCu2C>8 +< s . The data analysis using energy distribution curves, momentum 
distribution curves and intensity maps all show evidence of an electron-like Fermi surface, which 
is well explained by band structure calculations. Evidence for many-body effects are also found in 
the substantial spectral weight remaining below the Fermi level around (7r,0), where the band is 
predicted to lie above Ef. 



PACS numbers: 74.25. Jb, 71.18.+y, 74.72. Dn, 79.60.Bm 
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Studies of low lying excitations and the Fermi sur- 
face in the high temperature superconductors by an- 
gle resolved photoemission spectroscopy (ARPES) have 
mostly been focused on Bi 2 StpCaCu 2 8+<5 (BSCCO)Era 
and YBa2Cu307_j, (YBCO)l3. In these systems, how- 
ever, additional features derived from complicated crystal 
structures, such as the Bi-0 superstructures in BSCCO 
and the Cu-0 chains in YBCO, have made the analysis 
rather complicated. In particular, the Bi-0 superstruc- 
ture complicates the interpretation of spectra around 
(7T,0), resulting in the controversy over the Fermi surface 
geometryETQ. La2- a; Sr ;r Cu04 (LSCO), by virtue of the 
absence of these effects and the availability of high qual- 
ity single crystal samples over the entire doping range, 
provides the opportunity to advance our understanding 
of the high temperature superconductors. In the under- 
doped regime, earlier studies haw rtuicovered the pres- 
ence of two electronic componentsoilPj, a systematic sup- 
pression of the spectral weight near (ir/2,ir/2) (when 
compared with that of overdoped samples or BSCCO 
for data taken under the same conditions), and straiakt 
Fermi surface segments near (ir,0) of width ~ 7r/2tiltL3, 
which have been interpreted as evidence for electronic 
inhomogeneities. In the overdoped regime, an electron- 
like Fermi surface was observed in the high-T c super- 
conductors for the first timeH, but despite this progress, 
important problems remain. Since ARPES data from 
underdoped samples are very broad, worries about the 
sample quality persist. There are also questions about 
the effects of the photoemission matrix elementEJ, which 
makes it difficult to extract quantitative information 
about stripe effects on nodal spectral weight by com- 
paring the experiments and theoretical calculations that 



predict suppressionllUll. We address these important 
questions by performing a detailed study of overdoped 
LSCO (x— 0.22) where the stripe effects arc expected 
to be weak, and have the aid of reliable band structure 
calculations (unlike the case of BSCCO). We performed 
ARPES in three Brillouin zones (BZ) and performed nu- 
merical simulations to investigate the matrix element ef- 
fects. In the second BZ, using a favorable polarization, 
we have identified a sharp spectral feature along the diag- 
onal direction in this sample that is comparable to that of 
BSCCO. This observation demonstrates that the surface 
quality of LSCO is comparable to that of BSCCO and 
gives credence to LSCO data in the underdoped region, 
since the sample quality of LSCO in the underdoped re- 
gion is expected to be improved with decreasing Sr con- 
tent. Our detailed analysis shows that the compound 
has an electron-like Fermi surface with additional spec- 
tral weight near (tt,0), which is the remnant of the flat 
band feature in the underdoped samples. The detailed 
comparison of experiment and simulation also provides 
a better understanding of the matrix element effect in 
these experiments. 

The ARPES measurements were carried out at 
BL10. 0.1.1 of the Advanced Light Source, using incident 
photons with an energy of 55.5 eV. We used a SCIENTA 
SES-200 spectrometer in angle mode, where one can col- 
lect spectra over ~14 degrees, corresponding to a mo- 
mentum width of ~l.l7r (in units oil/a, where a ~ 3. 8 A 
is the lattice constant). The total energy and momen- 
tum resolution was about 20 meV and 0.027T, respec- 
tively. We studied high quality single crystals of LSCO 
with x — 0.22 grown by the traveling-solvent floating- 
zone method. The measurements were performed in an 
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FIG. 1. Energy distribution curves for Lai.7sSro.22Cu04 at 
20 K. Right panels show the momentum space for each cut 
and the E-vector in the two geometries. For details, see the 
text. 

ultra high vacuum of 10 -11 Torr at 20 K and the sam- 
ples were cleaved in situ. The position of the Fermi level 
(Ep) was calibrated with gold spectra. 

Figure [l] shows energy distribution curves (EDC's) for 
two different experimental geometries along the direc- 
tions shown in the right panel. In both geometries, the 
light is incident to the surface with an incident angle of 
~ 7°. The EDC's in geometry I were measured by rotat- 
ing the sample, which causes the changes in the in-plane 
-E-vector of the incident photons as shown in the right 
panel. On the other hand, in geometry II, the spectra 
were measured by moving the analyzer, and therefore 
the in-plane .E-vector is fixed. While in geometry I, the 
E- vector was almost normal to the sample surface, re- 
sulting in a small in-plane E component, in the geom- 
etry II, the .E-vector was almost parallel to the sample 
surface. Panels (a) and (d) show ARPES spectra around 
the (it, 0) point. These spectra show a single peak with 
little dispersion, which will be addressed in the discussion 
below as a remnant of the "flat band" feature appearing 
below Ep even for x < 0.20. Panels (b) and (e) give 
the nodal cut [(0,0) to (it, it) direction] in the first BZ 
for each geometry. One can see that panel (e) shows a 
dispersive feature while panel (b) shows almost no cor- 
responding spectral feature, due to transition matrix el- 
ement effects. Thus, compared to the previous results, 
we could observe the nodal feature in the first BZ more 
clearly in geometry II. Furthermore, as shown in pan- 
els (c) and (f), we found that the nodal state feature 
become stronger in the second BZ, particularly in geom- 
etry II. As a whole, geometry II gives clearer dispersive 
features, probably because the in-plane E- vector is much 
larger than that in geometry I. These results show that 



there are significant matrix element effects which should 
be carefully considered in order to extract intrinsic in- 
formation. It should be emphasized that the intensity 
of the first BZ nodal state in underdoped LSCO is still 
much weaker than that in BSCCO or overdoped LSCO 
observed under the same experimental conditions. These 
relative changes in data with doping under the same ex- 
perimental geometry are intrinsic but the matrix element 
effect makes quantitative analysis more difficult. 

One may suspect that the weak dispersion of the fea- 
tures in ,-underdoped LSCO, particularly in the nodal 
directionta, may be due to inferior surface quality (rough- 
ness, defects etc.). The present results have shown that 
the sharpness of the nodal feature seen in geometry II is 
comparable to that in BSCCO, which demonstrates the 
high quality of the LSCO surfaces. One can expect that 
the sample quality decreases with increasing x because 
of the disorder introduced by Sr and the difficulty in the 
crystal growth due to the Sr solubility limit. In fact, 
underdoped samples give better cleavage than overdoped 
samples, which possibly indicates the better surface qual- 
ity for the underdoped samples. Therefore, the ARPES 
results in the underdoped region, which show broad fea- 
tures asound (tt, 0) and interpreted as a two-component 
features, should be reliable results. 

The band dispersions along the (0,0) to (n, 0) and (0,0) 
to (7r, 7r) directions, which have been derived from the 
ARPES spectra by taking the second derivatives, are 
shown in Fig. g. In going from (0,0) to (7r,0), the 
band reaches Ep at k x ~ 0.8-7T but substantial spec- 
tral weight remains below Ep up to (jr, 0). However, 
as shown in the inset, the peak in the momentum dis- 
tribution curves (MDC's) clearly crosses the Fermi level 
around (0.857T, 0) concomitant with the decrease of spec- 
tral weight for k x > 0.857T. This behavior is not seen in 
optimally^doped and underdoped LSCO along the (0,0)- 
(7r,0) lineEx The LDA band calculation aiso-predicts an 
electron like Fermi surface for x > 0.17t3t3, although 
the calculation shows finite band dispersions along the 
c-axis and the Fermi surface is somewhat fc z -dependent. 
The k z dispersion is expected to be strongly renormal- 
ized in real materialslij. Therefore, we state that the 
x = 0.22 has an electron-like Fermi surface centered at 
(0,0). The red line shows a tight-binding fit to the exper- 
imental band dispersion with parameters E p — E c i= 1.2 
eV, t pda = 0.5 eV, E xy = t ppcr /2 - ^ p7r /2=0.15 eV. Here, 
t p da and E xy are the transfer integrals for the nearest- 
neighbor O 2p a -G\x 3d x 2_ y 2 and O 2p x -0 2p y overlap, 
respectively. The best fit values for t p da and E xy are 
much smaller than those obtained from a .-tight-binding 
fit to the LDA band-structure calculationE3 due to the 
band narrowing corresponding to the mass-enhancement 
by a factor of ~ 3 in the overdoped regionEil. 

Figure [| shows the spectral weight plot integrated over 
a 30 meV window around the Fermi level [(a),(c)] for both 
geometries and simulations of the spectral weight plot 
for each geometry including transition matrix clement 
effects [(b), (d)] (see below). Integrating over the nar- 
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row window of the order of the energy resolution makes 
it possible to obtain the spectral weight at Ep, which 
approximately represents the Fermi surface. The Fermi 
surfaces at k z — and ir/c from the band-structure cal- 
culation for La2_ a; Af a ;Cu04 (x — 0.2)113, as well as the 
Fermi surface from the present tight-binding fit are su- 
perimposed on Fig. |^(a). As a whole, they well describe 
the global features related to the Fermi surface obtained 
from ARPES. In particular, looking at the nodal direc- 
tion in the second BZ, they agree well with each other. 
The volume enclosed by the tight-binding Fermi surface 
is iSfs — 0-8 x 27r 2 , which satisfies Luttinger's sum rule 
[Sfs = 27r 2 (l — x)] within experimental accuracy. 

Here, we have performed simulations of spectral weight 
distribution including matrisi-eJement effects by using the 
same method described incaa. The simulation method 
which we apply here has given a_good accouat of the 
photoemission results on graphiteE3 and TaSe2c3. There- 
fore, this is a good starting point to understand the 
matrix element effect in the present ARPES results, at 
least qualitatively. First, we consider the initial state 
\i >= (1/VAOE^- e-^+^a^r - R, - n ) as the 
two-dimensional tight-binding ground state, where 4>i is 
the atomic orbital Cu 3d x 2_ y 2 or O 2p x ,p y . The ma- 
trix element factor is given byM(fc) = \a d 2 _ 2 Ai 2 _ 2 + 
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distribution factor from each atomic orbital Cu 3d x 2_ y 2, 
and O 2p x ,pyc3. ad,a P:c , and a Py have been determined 
from the tight-binding fit to the dispersion of ARPES re- 
sult as shown in Fig. 0. The spectral function A(k, to) of 
the tight-binding band was approximated by broadening 
the 8- function with width of u> 2 , where cu is in units of 
eV. Then, the simulated momentum distribution of spec- 
tral weight is given by n(k) = M(k) J /(k, oj)duj, where 
/(k, to) is spectral weight broadened by energy resolution 
of 20 meV. 

As shown in Fig. ||(b), in geometry I, the nodal states 
in the first BZ show almost no spectral weight while those 
in second BZ are enhanced, consistent with the experi- 
mental data in Fig. ||(a). This implies that the suppres- 
sion in geometry I compared to geometry II is caused by 
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FIG. 2. Energy dispersion and a tight-binding fit for 
Lai.78Sro.22Cu04. The gray plot in the inset was obtained 
by normalizing the spectra to the peak in each MDC. 
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FIG. 3. Spectral weight integrated within 30 meV of the 
Fermi level. White arrows designate the E vector. (a)(c); Ex- 
periment. (b)(d); Simulation. White and black pwrves in (a) 
represent the Fermi surfaces of band calculationLj at k z = 
and 7r/c, respectively, and red curves represents the Fermi sur- 
face from the present tight-binding fit. Note that the spectral 
weight in the nodal direction is enhanced for geometry II [(c) 
and (d)] compared to geometry I [(a) and (b)]. 



matrix element effects. According to the simulation, the 
smaller matrix elements in the first BZ are a result of the 
combination of the symmetry of the d x 2_ y 2 orbital and 
the large out of plane component in the -E-vector. The 
enhancement in the second BZ may be caused by the 
angular distribution factor of the three atomic orbitals, 
because they have a small emission probability for small 
angles when the i?-vector is vertical to the surface. In 
geometry II, we can see the clear dispersion and spectral 
weight in the nodal state in the first BZ as shown in Fig. 
1(e) and Fig. 3(c). The simulation in Fig. 3(d) shows 
an enhancement of the spectral weight in the (0,0)-(7r, it) 
direction compared to the nodal states of the first BZ in 
geometry I, which qualitatively agrees with the experi- 
mental results. 

While the overall features in the experimental results 
agree with the simulation as shown above, there was 
still a discrepancy between them regarding the spectral 
weight distribution near (it, 0). Here, we discuss the 
possible origin of the strong spectral weight around the 
(7T, 0) point which cannot be described within the simple 
two dimensional electron-like Fermi surface picture. As 
shown in Fig. 4, the spectral weight distribution around 
(it, 0) shows a relatively straight contour along the k x 
direction, which isp-slightly narrower than that in Nd- 
LSCO (\k y \ < 7r/4)M. This spectral weight distribution 
is very similar to that of the flat band which appears be- 
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FIG. 4. Contour plot of the spectral weight shown in Fig. 
3(c) symmetrized with respect to the F point. Red curves 
show the electron-like Fermi surface obtained from the fit to 
the experiment as shown in Fig. 2. Shaded regions around 
(•7r,0) reflect a remnant of the "flat band" . 



low Ep for smaller x. Presumably the (7r,0) flat band 
feature which exists in the optimum and underdoped re- 
gions does not completely lose its spectral weight even 
for x = 0.22 (and probably for x — 0.3, see data in Rcf.Ef) 
where the saddle point is located above Ep. Therefore, 
the spectral weight around (n, 0) appears as a remnant 
of the "flat band". Recently, there have been debates 
as to whether them exists an electron-like Fermi surface 
in BSCCO or notcTEl. While this discussion has been 
complicated by the Bi-0 superstructures, the present re- 
sults from overdoped LSCO clearly shows an electron- 
like Fermi surface with much less ambiguity. One may 
suspect that the matrix element may suppress spectral 
weight only around the (tt, 0) point making the hole-like 
Fermi surface appear electron-like. However, as far as the 
matrix element simulation using the simple tight-binding 
scheme is concerned, such a suppression localized in mo- 
mentum space around (ir,0) is difficult to, explain. This 
is consistent with an earlier calculation!!! In the case 
of BSCCO, the possibility of additional states at (n, 0) 
has been proposed^. In the present case, strong inten- 
sity around (ir, 0), which is not predicted by the simula- 
tion, always exists irrespective of polarization geometries, 
while the nodal states are strongly affected by matrix ele- 
ment effects. This implies an intrinsic unusual electronic 
structure such as stripes associated with the "flat band" 
feature. 

As seen in Fig. |[ we have shown that the electronic 
structure of LSCO with x = 0.22 shows two features. 
One is the nodal Fermi surface which is found to be con- 
sistent with the band structure calculation. The other 
is the remnant flat band which gives rise to a straight 
segment of spectral weight near the (tt, 0) region. These 
two features are qualitatively similar to those observed 
in Nd-LSCO and LSCO with x = 0.15 samplesBB, al- 



though quantitatively the flat band effect in LSCO with 
x = 0.22 is weaker. This dual nature of the electronic 
structure can be explained in terms of order-disorder 
stripes competition^. The origin of the nodal state can 
be understood by considering strongly disordered stripes 
and/or weakened stripe order. In the latter case, one may 
begin to recover the underlying band structure. The un- 
derlying electronic structure will manifest itself stronger 
as the charge ordering effect becomes weaker in LSCO 
with x = 0.22. 

In conclusion, we have unambiguously observed an 
electron-like Fermi surface in slightly overdoped LSCO 
with x = 0.22, which agrees with the band-structure cal- 
culation. By utilizing the matrix element effects, we have 
obtained clear dispersion and sharp peak features for the 
nodal states comparable to BSCCO. The transition ma- 
trix element effects have been discussed by simulations, 
which account for the enhancement in the second BZ and 
for different geometries. Although the stripe effect in the 
present sample is weaker, the observation of the nodal 
spectral weight and the straight segment near (tt,0) is 
consistent with the picture of order-disorder competition 
of stripes in the system. 
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